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CIRCUITS AND METHODS FOR REDUCING DISTORTION AND NOISE IN PULSE 
WIDTH MODULATION SYSTEMS UTILIZING FULL - BRIDGE DRIVERS 

FIELD OF INVENTION 

[0001] The present invention relates in general to pulse width modulation 
techniques, and in particular, to circuits and methods for reducing distortion and noise in 
pulse width modulation systems utilizing full - bridge drivers. 

BACKGROUND OF INVENTION 

[0002] Delta-sigma modulators (noise shapers) are particularly useful in digital to 
analog and analog to digital converters (DACs and ADCs). Using oversampling, a 
delta-sigma modulator spreads quantization noise power across the oversampling 
frequency band, which is typically much greater than the input signal bandwidth. 
Additionally, a delta sigma modulator performs noise shaping by acting as a lowpass 
filter to the input signal and a highpass filter to the noise; most of the quantization noise 
power is thereby shifted out of the signal band. 

[0003] In addition to data conversion applications, delta-sigma noise shapers are 
increasingly utilized in the design of digital amplifiers. In one particular technique, a 
digital delta-sigma noise shaper provides a noise shaped (quantized) digital data stream 
to a pulse width (duty cycle) modulated (PWM) stream, which in turn drives a linear 
amplifier output stage and associated load. This technique is generally described in 
U.S. Patent No. 5,784,017, entitled "Analogue and Digital Convenors Using Pulse Edge 
Modulators with Non-linearity Error Correction", granted July 21 , 1998, and U.S. Patent 
No. 5,548,286, entitled "Analogue and Digital Convertor Using Pulse Edge Modulators 
with Non-linearity Error Correction", granted August 20, 1996, both to Craven, U.S. 
Patent No. 5,815,102. entitled "Delta Sigma PWM DAC to Reduce Switching", granted 
September 29, 1998, to the present inventor (incorporated herein by reference), U.S. 
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Patent Application Ser. No. 09/163,235 to l\/lelanson (incorporated lierein by reference), 
and International Patent Application No. PCT/DK97/00133 by Risbo. 
[0004] One problem, which occurs in PWM circuits driving full - bridge loads, is 
noise and distortion caused by the non- - zero impedance of the voltage supply. In 
particular, for a full - bridge output, a pair of drivers, typically operating from a single 
voltage supply, is utilized to drive a corresponding pair of output signal paths coupled to 
the full - bridge output load. Glitches on the output signal paths occur when the outputs 
of the two drivers switch simultaneously or nearly simultaneously. Specifically, the 
output of one-driver transitions towards the power supply voltage and the output of the 
other driver transitions towards ground. Due to the non - zero impedance of the voltage 
supply, the output paths do not settle to their final state instantaneously, and glitches 
are generated as an intermediate voltage appears across the corresponding outputs. 
[0005] One approach to driving in a full - bridge output of a PWM system is 
disclosed in United States Patent No. 6,373,336 to Anderskouv et al., and entitled 
Method Of Attenuating Zero Crossing Distortion And Noise In An Amplifier, An Amplifier 
And Uses Of The Method And The Amplifier, issued April 16, 2002 (hereinafter the 
Anderskouv system). In this system, each terminal of a full-bridge output load is driven 
by a different PWM encoded signal provided by a corresponding separate PWM 
processing path. One processing path processes an input data stream, while the other 
processing path processes the complement of the input data stream. These 
complementary data streams drive a corresponding pair of delta - sigma modulators. 
Except for small levels of the input signal, when the input stream and its complement 
are close in value, the delta -sigma modulators generate substantially different 
modulated streams. The modulated data streams drive corresponding separate PWM 
modulation stages, which in turn drive the terminals of the full - bridge output loads. 
[0006] Disadvantageously, the Anderskouv system does not guarantee that the 
outputs of the PWM modulators will not switch simultaneously or nearly simultaneously. 
In particular, for small values of the input signal, the outputs of the PWM stages of the 
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Anderskouv system will switch nearly simultaneously. This near simultaneous switching 
will cause power supply glitches in the output signal, which will not be masked by the 
corresponding small output signals. Another significant disadvantage of the 
Anderskouv system is its hardware inefficiency, since two PWM paths, each including a 
PWM encoder, are required. This hardware inefficiency is particularly disadvantageous 
when utilized in multi - channel signal processing systems, such as those required in 
advanced audio applications, such as home theater audio. 
[0007] Hence, given the increased utilization of PWM systems in such 
applications as audio signal processing, new, efficient, techniques are required for 
minimizing distortion and noise in full - bridge outputs driven by PWM - encoded data. 



SUMMARY OF INVENTION 

[0008] The principles of the present invention are embodied in pulse width 
modulation circuits and methods, which allow a single pulse width modulator stage to 
drive a full -bridge output load with minimal distortion and noise. According to one 
exemplary embodiment, a pulse width modulation circuit is disclosed for driving a full - 
bridge output load, which includes a pulse width modulation stage for generating, from a 
input stream, a pulse width modulated data stream for driving a terminal of a full - 
bridge output load and another pulse width modulated data stream for driving another 
terminal of the full bridge output load. A delay circuit delays the another pulse width 
modulated data stream relative to the pulse width modulated data stream such that 
edges of the another pulse width modulated data stream and edges of the pulse width 
modulated data stream are temporally spaced. 

[0009] Embodiments of the present principles are efficient, since only a single 
pulse width modulator stage or circuit is required to drive a full - bridge load with the 
required pair of pulse width modulated data streams. The inclusion of a delay in a 
selected one of the data streams insures that corresponding edges of such pulse width 
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modulated data streams do not coincide at the circuit output. Advantageously, noise 
and distortion are minimized, even if a single power supply is utilized by the driver 
circuits driving the full - bridge load. The efficiencies realized by these principles are 
particularly useful in multiple - channel pulse width modulation devices, such as those 
utilized in multiple - channel audio systems. 

BRIEF DESCRIPTION OF DRAWINGS 

[0010] For a more complete understanding of the present invention, and the 
advantages thereof, reference is now made to the following descriptions taken in 
conjunction with the accompanying drawings, in which: 

[001 1] FIGURE 1 is a block diagram of an exemplary audio system suitable for 
describing the principles of the present invention; 

[0012] FIGURE 2 is a representative multiple-channel digital to analog converter 

(DAC) suitable for use in the digital to analog converter shown in the system of FIGURE 
1: 

[0013] FIGURE 3 is a more detailed block diagram of a selected one of the data 
paths shown in FIGURE 2; 

[0014] FIGURE 4 is an timing diagram illustrating exemplary timing relations 
between an output signal, an inverted output signal, and a delayed output signal, 
generated by representative; and 

[0015] FIGURE 5 is a block diagram of an exemplary alternate pulse-width 
modulation stage according to the principles of the present and suitable for utilization is 
such applications as the DAC shown in FIGURE 1 . 
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DETAILED DESCRIPTION OF THE INVENTION 

[0016] The principles of tine present invention and their advantages are best 
understood by referring to the Illustrated embodiment depicted in FIGURES 1 - 5 of the 
drawings, in which like numbers designate like parts. 

[0017] FIGURE 1 is a diagram of an exemplary digital audio system 100 
according to the principles of the present invention. Advantageously, system 100 
processes digital audio input data In the digital domain prior to conversion to analog 
form, as discussed in detail below. 

[0018] Serial audio data (SDATA) are recovered from the given digital audio 
storage media by a digital media drive 101, such as a compact disk (CD) player, digital 
audio tape (DAT) player, or digital versatile disk (DVD) unit. In the illustrated 
embodiment, the recovered audio data are in a multiple-bit format such as PCM. In 
addition to the audio data stream SDATA, media drive 101 also provides the 
corresponding audio clock and control signals. In particular, the audio data are input In 
response to the serial clock (SCLK) signal, which times the input of each data bit of the 
audio data stream SDATA, a left -right clock (LRCK) signal, which times the input of 
samples of left and right channel stereo data, and a master clock (MCLK), which 
controls the overall audio processing timing. 

[0019] The resulting recovered audio data stream SDATA undergoes digital 
processing, including digital filtering, in digital audio processing block 102, prior to 
conversion to analog audio in digital to analog converter (DAC) 103. Amplifier block 
104 then drives a set of speakers 105a, 105N. For example, in a home theater 
application, speakers 105a, 105N may be utilized in any combination for the front - left, 
front - right, surround - left, surround -right, center, subwoofer, rear - left, and rear- 
right channels. As discussed further below, in the illustrated embodiment, speakers 
105a,..,105N are driven in a full - bridge fashion. 

[0020] FIGURE 2 is block diagram of an exemplary multiple-channel audio DAC 

200 embodying the principles of the present invention. In one particular representative 
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application, multiple-channel DAC 200 is suitable for utilization in DAG 103 of system 
100 shown in FIGURE 1. While the principles of the present invention are illustrated in a 
multiple channel audio DAC as an example, these principles are applicable to a wide 
range of multiple - channel and single - channel circuits and systems utilizing PWM 
techniques. 

[0021] Multiple-channel audio DAC 200 is discussed in further detail below. 
However, generally, DAC 200 includes N number of processing paths 201a, .., N, two of 
which, 201a and 201 N, are shown for reference in FIGURE 2. For stereo embodiments 
of system 100 of FIGURE 1 , two processing paths 201a, .., N are utilized (i.e. N = 2) for 
driving left and right channel data to a pair of speakers 105a, .... 105b. Home theater 
applications of DAC 200 typically utilize five processing paths 201a, .., N (i.e. N = 5), for 
processing right, left, center, left -surround, and right -surround channel data. 
[0022] Each processing path 201a, .., N includes a noise shaper (delta-sigma 
modulator) 202 for re-quantizing the con-esponding channel of digital audio data Digital 
Audio Channel 1 - Digital Audio Channel N and shifting the resulting quantization 
noise out of the audio band The noise shaped and re-quantized digital data output from 
noise shaper 202 of each data path 201a, .., N are converted by a PWM stage 204 into 
a duty cycle modulated data stream which drives a full - bridge output driver 206 In 
turn, full -bridge output driver 206 drives the analog output for the con-esponding analog 
audio channel Analog Audio Channel 1 - Analog Audio Channel N. 
[0023] FIGURE 3 is a more detailed functional block diagram of processing path 
201a, which is representative of each of the processing paths 201a, .., 201 N shown in 
FIGURE 2. Processing path 201a includes noise shaper (delta-sigma modulator) 202, 
which shifts noise in the audio baseband of the input signal Digital Audio Channel 1 to 
higher out-of-band frequencies using oversampling and quantization. Noise shaper 202 
utilizes non-linear feedback from the con-esponding output stage 206 to compensate for 
variable moments in the following pulse width (duty cycle) modulated signal from PWM 
stage 204. Examples of delta-sigma modulators utilizing such non-linear feedback are 
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described in cx)assigned U. S. Patent No. 6,150,969 to Melanson, entitled Correction of 
Nonlinear Output Distortion In a Delta Sigma DAC, and U.S. Patent No. 5,815,102 to 
IVIelanson, entitled Delta Sigma PWM DAC to Reduce Switching, both of which are also 
incorporated herein by reference. A general discussion of noise shaper (delta-sigma 
modulator) topologies is found in publications such as Norsworthy et al., Delta-Sigma 
Data Converters, Theory, Design and Simulation, IEEE Press, 1996. 
[0024] Exemplary pulse-width modulator (PWM) stage 204 shown in detail in 
FIGURE 3 converts each quantized digital sample from noise shaper 202 into a pulse 
width (duty-cycle) modulated data pattern. Specifically, in pulse width (duty cycle) 
modulation, each digital input word is converted into a pattern of logic high and logic low 
levels over a given time period (i.e. the duty cycle of the output signal is directly 
proportional to the value of the digital input word). There are a number of known 
techniques for partitioning the output time period into logic high and low levels to 
generate the output pattern with the proper duty-cycle. For example, in thirty-two level 
pulse width modulation of thirty-two bit digital words, each digital word is represented by 
a pattern across a time period T of thirty-two slots or clock periods and representing one 
level. In one PWM encoding scheme, a maximum negative input value is represented 
as an output pattern of zero (0) logic high slots and thirty-two (32) logic low slots, 
co^esponding to a zero-percent (0% or 0/32) duty cycle. An input of zero (0) is then 
represented by a pattern of sixteen (16) logic low slots and sixteen (16) logic high slots 
corresponding to a fifty-percent (50% or 16/32) duty cycle. A maximum positive input 
value in this scheme is represented by a pattern with a one-hundred percent (100% or 
32/32) duty cycle corresponding to thirty (32) logic high slots and zero (0) logic low 
slots. The distribution of the logic high slots across the entire thirty-two bit period will 
vary, depending on the generation technique, so long as the duty cycle is of the 
appropriate percentage. 

[0025] The PWM stream output from pulse width modulator stage 202 In turn 
controls a pair of full - bridge drivers, respectively formed by switch pairs 301a and 301b 
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and 302a and 302b. Switch pairs 301a and 301b, and 302a and 302b are driven by the 
output PWM_ouT of PWI\/I stage 204, and its inverse pwm_outb, after inclusion of the 
delay discussed below. Switches 301a - 301 b and 302a - 302b operate from the 
voltage rail Vdd. Generally, the voltage Vdd is sourced from unregulated power-supply 
308, having a non - zero output impedance, and consequently the voltage Vdd typically 
varies with time. 

[0026] Analog to digital converters (ADCs) 303 and 304 respectively monitor the 
outputs of switch pairs 301a - 301b and 302a - 302b and provide corresponding scaled 
digital representations Vi and V2 to noise shaper 202. Noise shaper 202 utilizes the 
outputs of ADCs 303 and 304 to correct for variations and noise in the voltage Vdd. 
Output stage 206 further includes a linear filter 307, which generates the smooth audio 
output signal analog Audio channel 1 across the terminals of a full - bridge load, such 
as speakers 105a,..,105N shown in FIGURE 1. 

[0027] According to the principles of the present invention, a delay is introduced 
within a selected one of the two signal paths between PWM controller 204 and switch 
pairs 301a - 301b and 302a - 302b to insure that switch pairs 301a - 301b and 302a - 
302b do not switch simultaneously or nearly simultaneously. In the illustrated 
embodiment, a delay stage 305 is shown which delays the inverse PWM encoded 
stream pwm_outb between PWM controller 204 and switch pair 302a - 302b, as an 
example. 

[0028] Advantageously, exemplary processing path 201 a of FIGURE 3 only 
requires a single noise shaper 202 and a single PWM stage 204 for driving both sides of 
a full - bridge output through switch pairs 301 a - 301 b and 302a - 302b. Utilization of a 
single processing path 201a for each full - bridge output is in contrast to the prior art 
PWM systems which require two parallel processing paths, each with a noise shaper 
and a PWM stage, for driving each side of a full - bridge output. 
[0029] Without the introduction of a delay by delay stage 304, nodes A and B at 
the outputs of transistor pairs 301a - 301b and 302a - 302b would switch substantially 
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simultaneously, as shown in the upper two traces of FIGURE 4. In particular, with each 
transition (edge) In the output PWM stream, one pair of transistors 301a - 301b or 302a 
- 302b would pull the corresponding node A or B up to the high voltage rail Vdd, while 
the other set of driver transistors 301a - 301b or 302a - 302b would pull the other node 
A or B down to ground. Since power supply 308 supplying the voltage Vdd has a non- 
zero output impedance, this substantially simultaneous switching of output driver 
transistor pairs 301a - 301b and 302a - 302b would cause a spike in loading on power 
supply 308, resulting in glitches at nodes A and B. 

[0030] Advantageously, delay stage 305 insures that the voltages at nodes A and 
B do not switch simultaneously or nearly simultaneously. In the Illustrated embodiment, 
delay stage 305 Is implemented with a shift register operating in response to the clock 
signal pwm_clk, which is also the clock signal utilized to generate the PWM output 
signals pwm_out and pwm_outb. The frequency of clock signal pwm_clk is dependent 
on the number of PWM levels being generated by PWM stage 204 of FIGURE 3. For 
example, a clock frequency of 27 MHz may be utilized to generate 64 levels, 54 MHz for 
128 levels, and 108 MHz for 256 levels. Hence, since the same clock signal, pwm_clk, 
is utilized by both PWM stage 204 and delay stage 305, delay stage 305 offsets the 
edges of PWM output signal pwm_outb, in relation to the edges of PWM output signal 
PWM_0UT, by a corresponding number of periods of clock signal pwm_clk, 

[0031] In the illustrated embodiment, delay stage 305 is register programmable 
and delays the edges of PWM signal pwm_outb by between two (2) to seven (7) edges 
of the clock signal pwm_clk. In alternate embodiments, the delay operation may be 
implemented by delaying the reset of a counter utilized with in PWM stage 204 during 
the PWM encoding process. 

[0032] If the delay introduced by delay stage 305 Is kept small, no phase 
compensation is required at nodes A and B. Alternatively, phase compensation may be 
introduced in delta -sigma modulator 204 of FIGURES 2 and 3. 
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[0033] FIGURE 5 shows a second exemplary pulse-width modulation stage 500 
embodying the principles of the present invention. Advantageously, pulse-width 
modulation stage 500 provides an additional 3dB of attenuation of the noise floor. 
[0034] Pulse width modulation stage 500 includes PWM path 501a and 501b 
operating in parallel on the input signal data in. In the illustrated embodiment of pulse- 
width modulation stage 500, in which the Input signal data in is a digital signal, PWM 
path 501a Includes a noise shaper 502a and a digital PWM encoder 503a, and PWM 
path 501b includes a noise shaper 502b and a digital PWM encoder 503b. In analog 
embodiments of pulse width modulation stage 500, PWM paths 501a and 501b are 
each replaced with an analog PWM encoder and noise shapers are not utilized. 
[0035] In the digital embodiment of pulse-width modulation stage 500 shown in 
FIGURE 5, the noise generated by noise shapers 502a and 502b may be made 
uncorrelated, for example by the addition of dither into one or both of noise shapers 
502a and 502b. In an analog embodiment, in which analog PWM stages are utilized in 
PWM paths 501a and 501b, uncon-elated noise in the PWM output signals may be 
generated by varying the corresponding triangle waveforms controlling the PWM 
generation operation. 

[0036] According to the inventive principles, the PWM encoded output signal from 
second PWM path 501b is inverted by an Inverter 504 and then delayed by a delay 
stage 505. The resulting delayed and inverted PWM signal output from PWM path 501b 
drives the inverted (-) input to a full-bridge output load 506. PWM path 501a directly 
drives the non-inverted (+) input to full-bridge output load 506, without inversion or 
delay. 

[0037] As discussed in detail above, the introduction of a time difference between 
the PWM signals driving the non-inverted and inverted temiinals of a full-bridge load 
advantageously ensure that, at least for small levels of the input signal, edges do not 
coincide temporally. 
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[0038] Although the invention has been described with reference to specific 
embodiments, these descriptions are not meant to be construed in a limiting sense. 
Various modifications of the disclosed embodiments, as well as alternative 
embodiments of the invention, will become apparent to persons skilled in the art upon 
reference to the description of the invention. It should be appreciated by those skilled in 
the art that the conception and the specific embodiment disclosed might be readily 
utilized as a basis for modifying or designing other structures for carrying out the same 
purposes of the present invention. It should also be realized by those skilled in the art 
that such equivalent constructions do not depart from the spirit and scope of the 
invention as set forth in the appended claims. 

[0039] It is therefore contemplated that the claims will cover any such 
modifications or embodiments that fall within the true scope of the invention. 
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